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Liquid  crystal  display  device. 

©  A  liquid  crystal  display  device  (10)  includes  an 
entrance  polarizer  (18)  to  provide  light  which  is  lin- 
early  polarized  in  a  first  selected  direction  and  a  first 
birefringent  film  (26)  to  convert  the  linearly  polarized 
light  from  the  entrance  polarizer  to  elliptically  po- 
larized  light  having  a  selected  ellipticity.  At  least  one 
liquid  crystal  cell  (2)  having  an  ellipticity  equal  to  the 
selected  ellipticity  receives  the  light  propagating 
from  the  first  birefringent  film;  the  liquid  crystal  cell 
includes  first  and  second  parallel-facing  transparent 
plates  (14a,14b)  which  sealably  contain  a  quantity  of 
liquid  crystal  material  (16).  The  liquid  crystal  material 
comprises  at  least  a  first  molecule  immediately  adja- 

cent  the  first  transparent  plate  which  is  oriented  in 
the  first  selected  direction  and  at  least  a  second 
molecule  immediately  adjacent  the  second  transpar- 
ent  plate  which  is  oriented  in  a  second  selected 
direction.  A  second  birefringent  film  (28)  converts 
the  elliptically  polarized  light  propagating  from  the  at 
least  one  liquid  crystal  cell  to  light  which  is  linearly 
polarized  in  the  second  selected  direction.  An  exit 
polarizer  (20)  having  a  polarization  axis  oriented  or- 
thogonally  to  the  second  selected  direction  will  extin- 
guish  the  light  propagating  from  the  second  birefrin- 
gent  film  when  the  liquid  crystal  cell  is  in  an  "off" 
state. 
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LIQUID  CRYSTAL  DISPLAY  DEVICE 

The  present  invention  relates  to  liquid  crystal 
display  (LCD)  devices. 

An  LCD  device  typically  comprises  a  multiplic- 
ity  of  picture  elements,  or  "pixels",  formed  be- 
tween  a  pair  of  flat  panels  (usually  a  glass  sub- 
strate  and  a  cover  glass)  sealably  containing  a 
quantity  of  twisted  nematic  liquid  crystal  material.  If 
the  LCD  device  is  to  operate  by  reflected  light, 
only  one  of  the  panels  need  be  transparent  and  the 
other  panel  will  be  formed  with  a  reflective  surface. 
If  the  LCD  device  is  to  be  light  transmissive,  then 
both  flat  panels  should  be  transparent.  A  detailed 
description  of  an  LCD  device  structure  and  opera- 
tion  is  disclosed  and  claimed  in  U.S.  Patent  No. 
4,565,424,  issued  March  3,  1987,  assigned  to  the 
assignee  of  the  present  invention,  and  incorporated 
herein  in  its  entirety  by  reference. 

Active  matrix  LCD  pixels  are  usually  arranged 
in  uniform  columns  and  rows  to  form  an  X-Y  matrix 
structure.  A  semiconductor  switch,  such  as  a  thin 
film  field-effect  transistor  (FET)  or  the  like,  is  integ- 
rally  formed  with  each  pixel  to  control  the  operation 
of  that  pixel  in  the  display.  Electrical  communica- 
tion  with  the  individual  pixel  FETs  is  accomplished 
by  a  plurality  of  X-address  lines  or  scan  lines  and  a 
plurality  of  Y-address  lines  or  data  lines  which  are 
both  formed  during  device  fabrication.  The  scan 
lines  are  usually  connected  to  the  gate  electrodes 
of  the  pixel  FETs,  the  data  lines  are  usually  con- 
nected  to  one  of  the  source  or  drain  electrode,  and 
the  other  of  the  source  or  drain  electrode  is  con- 
nected  to  a  pixel  electrode  of  each  pixel.  Thus,  a 
voltage  of  proper  polarity  and  magnitude  applied  to 
a  scan  line  will  cause  the  FETs  in  the  row  cor- 
responding  to  the  scan  line  to  "switch-on"  to  a 
conducting  state.  If  a  data  voltage  is  applied  to  a 
data  line  while  an  FET  in  the  column  corresponding 
to  the  data  line  is  in  an  "on"  state,  the  alignment  of 
the  liquid  crystal  molecules  is  altered  depending 
upon  the  magnitude  of  the  data  voltage  applied 
between  the  pixel  electrode  and  a  ground  plane 
electrode  common  to  all  pixels.  The  data  voltage 
magnitude  may  be  such  as  to:  allow  no  light  trans- 
mission  through  the  pixel  (off);  allow  maximum  light 
transmission  through  the  pixel  (on);  or  provide  an 
intermediate  gray  scale  level  of  light  transmission. 
Ideally,  a  pixel  in  the  "off"  state  should  completely 
block  out  any  light  transmission  and  look  black  for 
the  display  to  exhibit  the  desired  contrast  and 
resolution. 

The  elongated  molecules  of  the  twisted 
nematic  (TN)  liquid  crystal  material  will  cause  the 
polarization  of  light  propagating  through  the  LCD  to 
rotate  by  an  angle  6  corresponding  to  the  change 
in  orientation  or  alignment  of  the  liquid  crystal  (LC) 

molecules  between  the  pair  of  flat  panels.  Each  of 
the  liquid  crystal  molecules  has  a  longitudinal  axis; 
the  longitudinal  axes  of  the  LC  molecules  closest  to 
the  entrance  panel  (or  glass  substrate)  will  be  ori- 

5  ented  in  one  direction  (for  example  Bt  =  0°)  and 
the  longitudinal  axes  of  subsequent  LC  molecules 
between  the  pair  of  flat  panels  will  each  be  rotated 
an  incremental  angle  (AS)  relative  to  the  axes  of 
the  immediately  proceeding  molecules  (0n  =  0n.i 

70  +  A0).  The  last  LC  molecules  closest  to  the  exit 
panel  (or  cover  glass)  will  then  be  oriented  at  an 
angle  (for  example  9n  =  90°)  relative  to  the  first 
LC  molecules.  The  angle  between  the  first  mol- 
ecules  and  the  last  molecules  is  commonly  known 

75  as  the  twist  angle  of  the  LC  cell.  For  a  thick  LCD 
device  having  a  twist  angle  of  90°,  with  linear 
entrance  and  exit  polarizers,  each  having  parallel 
polarization  alignment,  and  each  respectively 
placed  adjacent  the  LCD  entrance  and  exit  panels, 

so  a  dark  output  will  be  provided  from  each  pixel  that 
is  in  the  "off"  state.  The  entrance  polarizer  will 
pass  or  excite  one  of  the  two  normal  modes  and 
block  the  other  mode  of  the  linearly  polarized  prop- 
agating  light.  The  LC  molecules  will  rotate  this 

25  mode  90°  as  the  light  propagates  through  the  LC 
cell  and  the  exit  polarizer,  which  is  aligned  parallel 
to  the  entrance  polarizer,  will  block  this  rotated 
mode  of  the  propagating  light. 

In  thin  LCDs,  such  as  the  fast  displays  required 
30  for  color  video,  or  in  highly  twisted  cells  (6  = 

270°),  such  as  the  highly  multiplexable  super-twist 
displays,  the  "off"  state  is  not  black  because  the 
two  normal  modes  of  light  propagating  in  the  LCD 
are  elliptically  polarized  as  a  result  of  the  optical 

35  rotation  and  birefringence  of  the  TN  molecules; 
thus,  both  modes  are  excited  and,  when  exiting  the 
cell,  cannot  be  completely  blocked  with  a  linear 
exit  polarizer.  The  degree  of  ellipticity  (£)  of  the 
two  normal  modes  of  a  LC  cell  is  expressed  by  the 

40  equation: 

2 X .  ft  =  1-  a r c t a n  
2 A n p  

45 

where  Xis  the  light  wavelength,  An  is  the  LC 
birefringence  and  p  is  the  pitch  of  the  twisted  LC 
molecules.  The  pitch  is  directly  proportional  to  the 

50  thickness  (d)  of  the  LC  cell;  for  a  90°  twisted 
nematic  cell,  p  =  4d  and  the  ellipticity  equation 
becomes: 
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LC  material  has  molecules  adjacent  the  first  plate 
which  are  oriented  in  a  first  selected  direction  and 
molecules  adjacent  the  second  plate  which  are 
oriented  in  a  second  selected  direction;  the  second 

5  selected  direction  is  rotated  at  a  twist  angle  relative 
to  the  first  selected  direction.  A  first  polarizer  is 
disposed  substantially  parallel  to  the  first  LC  cell 
plate  and  is  aligned  to  pass  light  linearly  polarized 
in  the  first  selected  direction;  a  second  polarizer  is 

10  disposed  substantially  parallel  to  the  second  LC 
cell  plate  and  is  aligned  orthogonally  to  the  second 
selected  direction  to  block  light  linearly  polarized  in 
the  second  selected  direction.  A  first  birefringent 
film  is  disposed  between  the  first  polarizer  and  the 

75  first  LC  cell  plate  and  a  second  birefringent  film  is 
disposed  between  the  second  LC  cell  plate  and  the 
second  polarizer.  The  first  birefringent  film  has  a 
selected  birefringence  and  fast  axis  orientation  to 
convert  linearly  polarized  light  propagating  from  the 

20  first  polarizer  into  elliptically  polarized  light  with 
substantially  the  same  ellipticity  as  a  normal  mode 
of  light  propagating  in  the  LC  cell.  This  normal 
mode  will  undergo  only  optical  rotation  equal  to  the 
twist  angle  of  the  LC  cell  and  will  not  change 

25  ellipticity  as  the  light  propagates  through  the  cell. 
The  second  birefringent  film  has  a  selected 
birefringence  and  fast  axis  orientation  to  convert 
the  ellipticially  polarized  light  back  to  light  that  is 
linearly  polarized  in  the  second  selected  direction 

30  and  therefore  extinguishable  by  the  second  polar- 
izer  when  the  LC  cell  is  in  an  "off"  state. 

In  a  presently  preferred  embodiment,  each 
birefringent  film  (BF)  preferably  has  a  retardation 
less  than  about  100  nanometers  and  each  BF  is 

35  preferably  oriented  with  its  fast  axis  rotated  about 
45  °  relative  to  the  orientation  of  the  LC  molecule  at 
the  LC  cell  plate  closest  to  the  respective  film. 

For  a  better  understanding  of  the  present  in- 
vention  reference  will  now  be  made,  by  way  of 

40  example,  to  the  accompanying  drawings,  in  which:- 
Figure  1  is  a  schematic  view  of  a  liquid  crystal 
display  device  in  accordance  with  an  embodi- 
ment  of  the  present  invention. 
Figure  2  is  a  Poincare  sphere  diagram  showing 

45  an  elliptical  polarization  state. 
Figure  3  is  a  graph  of  an  elliptical  polarization 
state  on  an  orthogonal  coordinate  system. 
Figure  4  is  a  Poincare  sphere  diagram  showing 
the  state  of  polarization  of  light  propagating 

so  through  the  LCD  device  of  Figure  1  . 
Figure  5A  is  a  Poincare  sphere  diagram  showing 
the  percentage  of  light  transmission  through  an 
LCD  device  without  birefringent  films. 
Figure  5B  is  a  Poincare  sphere  diagram  showing 

55  the  percentage  of  light  transmission  through  an 
LCD  device  in  accordance  with  the  present  in- 
vention. 
Figure  6  is  a  graph  of  the  measured  percentage 

!•  a r c t a n  
2 

ft 
2 A n d  

The  azimuth  of  the  two  normal  modes  of  light 
propagating  through  the  LC  cell  are  each  respec- 
tively  parallel  and  perpendicular  to  the  LC  molecu- 
lar  direction;  therefore,  the  two  normal  modes  will 
be  rotated  by  the  twist  angle  of  the  LC  cell. 

In  color  LCDs,  different  colored  light,  each  at  a 
different  wavelength  (X),  will,  therefore,  have  a  dif- 
ferent  elliptical  polarization  or  ellipticity  (0)  upon 
exiting  the  LCD.  The  color  LCD  can  be  designed 
with  a  special  combination  of  LC  birefringence 
(An),  cell  thickness  (d)  and  cell  twist  angle  (8)  to 
provide  a  minimum  transmission  of  light  at  a  par- 
ticular  wavelength,  such  as  green  light  (Xg  = 
540nm)  but  considerable  light  will  leak  through  at 
the  red  (Xr  =  640nm)  and  blue  (Xb  =  470nm) 
wavelengths  to  make  the  "off"  state  appear  colored 
or  not  black. 

Prior  art  devices  have  been  proposed  which 
utilize  a  single  birefringent  film  (BF)  disposed  in  an 
optical  path  after  the  LCD  to  produce  a  more 
neutral  "off"  state.  These  single  BFs  require  pre- 
cise  orientation  of  the  film  to  optimize  the  neutral 
color  "off"  state  and  also  have  retardations  (i.e.  the 
product  of  the  birefringence,  An',  of  the  film  and 
the  thickness,  d',  of  the  film)  greater  than  about 
300nm  for  optimum  performance  with  LC  cells  of 
various  pitch,  birefringence  and  polarizer  orienta- 
tions.  LCD  devices  with  a  single  large-retardation- 
value  BF  are  quite  performance  sensitive  to  po- 
larization  orientation,  BF  orientation  and  LC  cell 
thickness.  All  of  these  parameters  must  be  properly 
coordinated  to  optimize  the  dark  output  during  the 
"off"  state. 

Illustrative  embodiments  of  the  invention  dis- 
closed  herein  seek: 
to  provide  a  liquid  crystal  display  device  which  is 
not  subject  to  the  foregoing  disadvantages;  and/or 
to  provide  a  liquid  crystal  display  device  with  a 
black  output  "off"  state  for  all  wavelengths  of  col- 
ored  light;  and/or 
to  provide  a  liquid  crystal  display  device  which  is 
insensitive  to  LC  cell  thickness,  polarizer  orienta- 
tion,  birefringent  film  orientation  and  viewing  angle; 
and/or 
to  provide  a  liquid  crystal  display  device  compris- 
ing  a  pair  of  birefringent  films  to  provide  a  black-off 
state. 

In  accordance  with  an  embodiment  of  the 
present  invention  a  liquid  crystal  display  device 
includes  a  liquid  crystal  (LC)  cell  having  a  selected 
ellipticity,  and  first  and  second  substantially  parallel 
transparent  plates  with  nematic  liquid  crystal  ma- 
terial  sealably  contained  between  the  plates.  The 
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of  light  transmission  in  the  "off"  state  versus 
wavelength  for  the  liquid  crystal  display  device 
of  Figure  1  with  birefringent  films  having  dif- 
ferent  retardations. 

Referring  to  Figure  1,  a  liquid  crystal  display 
(LCD)  device  10  includes  a  liquid  crystal  cell  12 
which  comprises  two  parallel  flat  transparent  plates 
14a  and  14b,  preferably  of  glass,  sealably  contain- 
ing  a  quantity  of  nematic  liquid  crystal  material. 
The  LC  material  includes  a  multiplicity  of  LC  mol- 
ecules  16  which  are  divided  into  groups;  the  LC 
molecules  in  each  group  are  oriented  relative  to 
each  other  to  form  a  twisted  structure  between 
plates  14a  and  14b.  A  first  LC  molecule  16a  (only 
one  group  is  shown  in  Figure  1  for  explanation 
purposes),  adjacent  a  first  or  entrance  plate  1  4a,  is 
oriented  in  a  selected  direction  (01  = 0 ° )   with 
respect  to  a  reference  line  r.  Each  subsequent  LC 
molecule  16b,  16c,  16d  and  16e  will  have  an  in- 
cremental  angle  (A9)  of  orientation  relative  to  the 
immediately  preceding  molecule  (0n  =  9n.i  +  A9)- 
and  the  last  LC  molecule  16e,  closest  to  second  or 
exit  plate  14b  will  be  oriented  at  an  angle  (9n  = 
90°)  relative  to  first  molecule  16a.  The  difference 
between  the  angle  or  orientation  of  first  molecule 
16a  and  last  molecule  16e  is  the  twist  angle  of  the 
LC  cell.  A  twist  angle  of  90°  is  shown  in  Figure  1 
for  ease  of  illustration  and  the  present  invention 
may  be  used  also  with  LC  cells  having  different 
twist  angles,  such  as  super-twisted  nematic  cells  (9 
=  270°)  and  the  like.  Those  skilled  in  the  art  will 
recognize  that  a  plurality  of  LC  molecules  16  will 
be  disposed  between  plates  14a  and  14b  and  that 
only  five  molecules  are  shown  in  Figure  1  for 
clarity. 

Light  propagating  through  LC  cell  12  will  be  a 
linear  combination  of  the  two  normal  modes  of  the 
LC  cell.  The  two  normal  modes  are  elliptically 
polarized  by  LC  cell  12  and  will  have  ellipticity  /3, 
which  is  a  function  of  the  light  wavelength  (X),  the 
birefringence  (An)  of  the  cell  and  the  pitch  (p)  of 
the  LC  molecules  in  the  twisted  nematic  structure 
between  entrance  plate  14a  and  exit  plate  14b. 

In  operation,  LC  display  10  operates  like  a 
camera  shutter  to  control  the  quantity  of  light  pass- 
ing  through  device  10.  LC  cell  12  may  be  en- 
ergized  to  an  "on"  state  to  allow  light  transmission 
or  not  energized  and  in  an  "off"  state;  ideally,  the 
LC  cell  in  the  "off"  state  should  completely  block 
out  any  light  transmission  and  look  black  for  the 
display  to  exhibit  the  desired  contrast,  but  some 
light  at  different  wavelengths  may  leak  through  the 
LC  cell. 

A  front  or  entrance  polarizer  18  is  disposed 
substantially  parallel  to  entrance  plate  14a  and  a 
rear  or  exit  polarizer  20  is  disposed  substantially 
parallel  to  exit  plate  14b.  Entrance  polarizer  18  has 
a  polarization  or  transmission  direction  (indicated 

by  arrows  22)  that  preferably  corresponds  to  the 
orientation  direction  of  first  LC  molecule  16a  and 
exit  polarizer  20  has  a  transmission  direction 
(indicated  by  arrows  24)  that  is  preferably  ortho- 

5  gonal  to  last  LC  molecule  16e  to  minimize  the 
amount  of  light  transmission  through  device  10  in 
the  "off"  state.  Device  10  would  work  as  well  if  the 
entrance  and  exit  polarizers  were  rotated  90°  and 
thereby  coupled  to  the  other  of  the  two  normal 

10  modes  of  LC  cell  12. 
A  first  birefringent  film  (BF)  26  is  disposed 

between  entrance  polarizer  18  and  LC  cell  entrance 
plate  14a  and  substantially  parallel  to  both;  a  sec- 
ond  birefringent  film  28  is  also  disposed  between 

75  exit  plate  14b  and  exit  polarizer  20  and  substan- 
tially  parallel  to  each.  First  birefringent  film  26  has 
a  selected  birefringence  (An'i)  and  a  fast  axis 
(shown  by  arrows  30)  oriented  in  a  selected  direc- 
tion  to  transform  linear  polarized  light  from  en- 

20  trance  polarizer  18  into  elliptically  polarized  light 
with  ellipticity  0  and  azimuth  a  which  both  cor- 
respond  to  one  of  the  two  normal  modes  of  LC  cell 
12.  Second  birefringent  film  28  has  a  selected 
birefringence  (An'2)  and  a  fast  axis  (arrows  32) 

25  oriented  in  a  selected  direction  to  cause  elliptically 
polarized  light  exiting  LC  cell  12  to  be  transformed 
into  linearly  polarized  light  that  is  orthogonal  to  the 
transmission  direction  24  of  exit  polarizer  20;  there- 
fore,  exit  polarizer  20  will  absorb  the  light  and  the 

30  output  of  device  10  will  appear  black  when  LC  cell 
12  is  in  an  unexcited  "off"  state.  Fast  axis  30  of 
first  birefringent  film  26  is  preferably  oriented  at  an 
angle  of  about  45°  relative  to  both  the  entrance 
polarizer  direction  (arrows  22)  and  the  orientation 

35  direction  of  first  LC  molecule  16a,  and  fast  axis  32 
of  second  birefringent  film  28  is  preferably  oriented 
at  an  angle  of  about  45°  relative  to  both  the  exit 
polarizer  direction  (arrows  24)  and  the  orientation 
direction  of  last  LC  molecule  16e.  These  orientation 

40  directions  of  the  birefringent  films  permit  the  use  of 
birefringent  films  with  small  values  of  birefringence 
or  retardation;  small  retardation  values  minimize 
the  color  or  wavelength  dispersion  of  the  device 
and  cause  the  output  at  exit  polarizer  20  to  be 

45  black  in  the  "off"  state.  These  orientation  directions 
also  permit  the  birefringence  of  both  birefringent 
films  26  and  28  to  be  substantially  equal.  The 
polarization  directions  in  Figure  1  are  merely  for 
purposes  of  illustration  and  other  directions  can  be 

50  used  as  well  provided  the  relative  polarization  di- 
rections  of  the  different  constituents  are  maintained 
substantially  as  described  above  for  optimum  per- 
formance. 

Operation  of  LCD  device  10  can  most  easily  be 
55  described  by  use  of  a  Poincare  sphere  graphical 

analysis  which  is  described  in  many  optics  text- 
books,  such  as  Principles  of  Optics  by  M.  Born 
and  E.  Wolf  (Pergamon,  Oxford,  1965).  Briefly  de- 
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scribed,  any  polarization  state  of  propagating  light 
can  be  represented  by  a  point  on  the  surface  of  a 
Poincare  sphere  diagram  (Figure  2).  The  equator  of 
the  sphere  is  the  locus  of  all  linearly  polarized 
states  and  the  poles,  CL  and  CR,  respectively,  re-  5 
present  the  left-  and  right-handed  circular  polarized 
states.  All  other  points  on  the  Poincare  sphere 
surface  represent  elliptical  polarization  states.  For 
example,  an  elliptical  polarization  state  may  be 
represented  on  an  X-Y  orthogonal  coordinate  sys-  10 
tern  (Figure  3)  as  some  azimuth  a  and  ellipticity  /3. 
This  same  elliptical  polarization  state  would  be 
represented  by  the  point  p  (2a,  2$)  on  the  Poincare 
sphere  diagram  (Figure  2).  All  angles  are  doubled 
when  transferred  from  an  orthogonal  coordinate  75 
system  to  the  Poincare  sphere  and  the  X-Y  axis  is 
rotated  from  90°  to  180°. 

Linearly  polarized  light  preferably  propagates 
through  LCD  device  10  in  the  direction  indicated  by 
arrow  34  (Figure  1).  Entrance  polarizer  18  will  pass  20 
that  one  mode,  of  the  two  normal  modes  of  linearly 
polarized  light,  which  corresponds  to  the  polariza- 
tion  orientation  22  of  entrance  polarizer  18,  and  will 
block  the  other  normal  mode.  The  linear  polariza- 
tion  state  at  the  output  of  entrance  polarizer  18  25 
may  be  represented  by  point  A  on  the  Poincare 
sphere  (Figure  4).  First  birefringent  film  26  will 
convert  the  linearly  polarized  light  to  elliptically 
polarized  light  having  an  azimuth  of  zero  (a  =  0) 
and  an  ellipticity  (/3)  equal  to  the  ellipticity  of  the  30 
LC  cell;  this  elliptical  polarization  state  is  repre- 
sented  by  point  3  (0,2/3).  Only  one  normal  mode  of 
LC  cell  12  is  excited  because  light  exiting  first 
birefringent  film  26  has  substantially  the  same  ellip- 
ticity  and  azimuth  as  the  normal  mode  of  LC  cell  35 
12;  therefore,  this  elliptically  polarized  normal 
mode  will  undergo  pure  optical  rotation  equal  to  the 
twist  angle  of  LC  cell  12.  For  a  twist  angle  of  90° 
(2a  =  180°),  the  polarization  state  at  the  output  of 
LC  cell  12  will  be  point  C  (180,  2/3).  Second  40 
birefringent  film  28  will  convert  the  elliptically  po- 
larized  light  to  a  linearly  polarized  state  at  point  D 
because  second  birefringent  film  28  has  selected 
birefringence  (An'2)  and  selected  fast  axis  32  ori- 
entation  to  rotate  the  polarization  state  back  to  the  45 
equator  of  the  Poincare  sphere  at  point  D  (2a,  0). 
The  linear  polarized  light  at  point  D  will  have  a 
polarization  direction  equal  to  the  orientation  direc- 
tion  of  last  LC  molecule  16e.  Exit  polarizer  20  will 
extinguish  the  linear  polarized  light  and  the  output  50 
of  LCD  device  10  will  be  black  in  the  "off"  state 
because  exit  polarizer  20  is  oriented  orthogonally 
to  last  LC  molecule  16e  (Figure  1). 

The  elliptical  polarization  of  different  colored 
light  propagating  through  the  birefringent  films  and  55 
the  LC  cell  will  vary  because  the  ellipticity  of  light 
propagating  through  these  constituents  is  a  func- 
tion  of  the  wavelength  of  the  light.  The  percentage 

of  light  transmission  for  different  colored  light  at  the 
output  of  exit  polarizer  20  may  be  graphically  es- 
timated  using  Poincare  sphere  diagrams  (Figures 
5A  and  5B)  and  looking  back  into  exit  polarizer  20. 
Constant  transmission  contours  for  0.1%,  1%  and 
10%  light  transmission  are  superimposed  on  Fig- 
ures  5A  and  5B.  Figure  5A  is  for  an  LCD  device 
without  birefringent  films  26  and  28  but  the  LC  cell 
is  designed  with  a  particular  combination  of  LC 
birefringence  (An),  cell  thickness  (d)  and  cell  twist 
angle  (8  =  90°)  to  satisfy  the  Gooch-Tarry  mini- 
mum  condition  (And/X  =  (£)  V4m;!-1  ,  where  m  = 
1,  2,  3)  and  to  provide  a  minimum  transmission  of 
green  light  (Xg  =  540nm)  in  the  "off"  state.  With- 
out  the  birefringent  films  about  1%  of  blue  light  (Xb 
=  470nm)  leaks  through  device  10  in  the  "off" 
state  and  almost  10%  of  red  light  (Xr  =  640nm). 
With  the  birefringent  films,  leakage  of  the  red  and 
blue  light  can  be  limited  to  less  than  about  0.5% 
(Figure  5B). 

Figure  6  shows  percentage  light  transmission 
versus  wavelength  for  a  90°  twisted  nematic  LC 
cell  filled  with  Merck  ZLI-3376®  liquid  crystal  ma- 
terial  having  a  An  of  0.085  at  a  wavelength  of 
590nm  and  a  cell  thickness  of  about  5.9/*m.  Graphs 
are  shown  for  the  LC  cell  without  birefringent  films 
(tn)  and  with  birefringent  films  having  retardations 
of  about  25,  32  and  40nm.  The  birefringent  films 
were  formed  by  stretching  a  polymer  sheet  over  a 
thin  glass  substrate  and  bonding  the  sheet  to  the 
substrate  with  an  ultra-violet  curable  adhesive  to 
maintain  a  stable  retardation.  The  output  of  exit 
polarizer  20  is  below  about  0.5%  over  most  of  the 
visible  light  spectrum  for  the  LCD  devices  with 
birefringent  films  26  and  28  and  the  output  was 
substantially  black  for  the  "off"  state.  These  results 
are  superior  to  the  results  obtained  with  prior  art 
devices  which  utilized  a  single  birefringent  film 
having  retardations  of  several  hundred  nanometers. 
The  birefringent  films  with  retardations  below  about 
100nm  also  appear  to  be  relatively  insensitive  to 
LC  cell  thickness,  polarizer  orientation,  birefringent 
film  orientation,  viewing  angle  and  different 
wavelengths. 

It  will  be  readily  understood  by  those  skilled  in 
the  art  that  the  present  invention  is  not  limited  to 
the  specific  embodiments  described  and  illustrated 
herein.  Different  embodiments  and  adaptations  be- 
sides  those  shown  herein  and  described,  as  well  as 
many  variations,  modifications  and  equivalent  ar- 
rangements,  will  now  be  apparent  or  will  be  reason- 
ably  suggested  by  the  foregoing  specification  and 
drawings,  without  departing  from  the  substance  or 
scope  of  the  invention.  While  the  present  invention 
has  been  described  herein  in  detail  in  relation  to  its 
preferred  embodiments,  it  is  to  be  understood  that 
this  disclosure  is  only  illustrative  and  exemplary  of 
the  present  invention. 
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gent  film  has  a  retardation  of  about  25  nano- 
meters. 

9.  The  device  of  claim  3,  wherein  said  second 
5  birefringent  film  has  a  selected  birefringence 

for  converting  light  with  said  selected  ellipticity 
£  to  linearly  polarized  light. 

10.  The  device  of  claim  1,  wherein  said  liquid 
10  crystal  cell  has  a  twist  angle  of  about  90°  . 

11.  The  device  of  claim  1,  wherein  said  liquid 
crystal  material  is  a  super-twisted  nematic  ma- 
terial. 

75 
12.  The  device  of  claim  1,  wherein  said  liquid 

crystal  cell  satisfies  the  Gooch-Tarry  minimum 
condition  to  cause  a  chosen  wavelength  of 
light  to  be  completely  blocked  by  the  exit 

20  polarizer. 

Claims 

1.  A  liquid  crystal  display  device  comprising: 
entrance  polarizer  means  for  linearly  polarizing 
entering  light  in  a  first  selected  direction; 
first  means  for  converting  the  linearly  polarized 
entering  light  to  polarized  light  having  a  se- 
lected  ellipticity  #  and  polarization; 
at  least  one  liquid  crystal  cell  means  for  rotat- 
ing  the  polarization  of  the  entering  light  from 
said  first  selected  direction  to  a  second  se- 
lected  direction  when  in  a  non-energized  "off" 
state  and  having  a  normal  mode  ellipticity  sub- 
stantially  equal  to  said  selected  ellipticity  £; 
second  means  for  converting  elliptically  po- 
larized  light  emerging  from  said  at  least  one 
liquid  crystal  cell  to  light  which  is  linearly  po- 
larized  in  the  second  selected  direction;  and 
exit  polarizer  means  for  extinguishing  light 
from  said  second  converting  means  when  said 
at  least  one  liquid  crystal  cell  is  in  the  "off" 
state. 

2.  The  device  of  claim  1,  wherein  said  liquid 
crystal  cell  means  selected  ellipticity  /3  is  se- 
lected  to  cause  a  chosen  wavelength  of  light  to 
be  completely  blocked  by  the  exit  polarizer. 

3.  The  device  of  claim  1,  wherein  said  first  and 
second  converting  means  are  each  a  birefrin- 
gent  film. 

4.  The  device  of  claim  3,  wherein  each  birefrin- 
gent  30  film  comprises: 
a  glass  substrate;  and 
a  sheet  of  polymer  material  stretched  across 
said  glass  substrate  and  bonded  to  said  sub- 
strate  by  an  ultra-violet  curable  adhesive  to 
provide  a  stable  retardation. 

5.  The  device  of  claim  3,  wherein  said  first  and 
second  birefringent  films  each  have  a  fast  axis 
which  is  oriented  in  the  same  direction. 

25 

30 

35 

40 

6.  The  device  of  claim  5,  wherein  said  first  45 
birefringent  film  fast  axis  is  oriented  at  about 
45°  relative  to  a  polarization  axis  of  said  en- 
trance  polarizer  means  and  said  first  selected 
direction,  and  said  second  birefringent  film  fast 
axis  is  oriented  at  about  45°  relative  to  a  50 
polarization  axis  of  said  exit  polarizer  means 
and  said  second  selected  direction. 

7.  The  device  of  claim  3,  wherein  each  birefrin- 
gent  film  has  a  retardation  less  than  about  100 
nanometers. 

55 

8.  The  device  of  claim  3,  wherein  each  birefrin- 
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